We consider the one-parameter family of jet substructure observables known as angularities using the specific case of inclusive jets arising from photoproduction events at an Electron-Ion Collider (EIC). We perform numerical calculations at next-to-leading logarithmic accuracy within perturbative QCD and compare our results to PYTHIA 6 predictions. Overall, we find good agreement and conclude that jet substructure observables are feasible at the EIC despite the relatively low jet transverse momentum and particle multiplicities. We investigate the size of subleading power corrections relevant at low energies within the Monte Carlo setup. In order to establish the validity of the Monte Carlo tune, we also perform comparisons to jet shape data at HERA. We further discuss detector requirements necessary for angularity measurements at an EIC, focusing on hadron calorimeter energy and spatial resolutions. Possible applications of precision jet substructure measurements at the EIC include the tuning of Monte Carlo event generators, the extraction of nonperturbative parameters and studies of cold nuclear matter effects. * elke@bnl.gov
I. INTRODUCTION
A high energy and high luminosity Electron-Ion Collider (EIC) will be the ideal machine to explore in detail the structure of nucleons and nuclei. Jet observables are expected to play a major role in this effort, complementing measurements of identified hadrons in the final state. Recently, various inclusive jet measurements and correlations have been proposed at the EIC [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . An advantage of jets is that they can be calculated purely perturbatively whereas hadron inclusive cross sections require knowledge of nonperturbative fragmentation functions. In addition, jet measurements extend the kinematic range compared to observables involving hadrons and can provide unique constraints on collinear PDFs, transverse momentum dependent PDFs and fragmentation functions (FFs). The measurement of different processes is important to assess universality aspects of QCD factorization. An identified jet also allows for a clean separation of the current and target fragmentation region. Moreover, jets are also a useful tool to better understand cold nuclear matter effects in e + A collisions. Other related work on physics opportunities at an EIC can be found in [17] [18] [19] .
In this work, we systematically explore for the first time the feasibility of jet substructure measurements at the EIC. The substructure of jets has gained increased attention in the past years at RHIC and the LHC both in proton-proton and heavy-ion collisions. Corresponding measurements in the relatively clean environment at the EIC can provide important complementary information.
Some of the recent advancements of jet substructure tools can be applied directly at the EIC where jets allow for precision tests of QCD in e + p and e + A. Possible applications include the tagging of quarks and gluons, tagging of the initial state, spin correlations, the measurement of fragmentation functions, studies of hadronization, tuning of parton showers and extractions of the strong coupling constant of QCD.
Jets at the EIC will have relatively small transverse momenta p T and low particle multiplicities [20] . Nevertheless, as we demonstrate in this work, jet substructure measurements are feasible at a future EIC. We highlight challenges both from the theoretical and experimental sides and we find that some definitions of jet substructure observables are better suited for EIC physics than others. As a first example, we consider in this work jet angularities [21] [22] [23] [24] , which are defined as
Here p T i are the transverse momenta of the particles relative to the beam axis and ∆R iJ is their distance to the jet axis in the η-φ plane. The sum over all particles inside the jet i ∈ J is normalized by the total jet transverse momentum p T . Jet angularities assign a single number τ a to the identified jet characterizing its radiation pattern. The parameter a smoothly interpolates between traditional jet substructure observables such as the jet mass (a = 0) and jet broadening (a = 1). In this work we present results for jet angularities for EIC kinematics obtained within perturbative QCD. The obtained results are compared to parton shower simulations obtained within a Monte Carlo (MC)-framework based on PYTHIA 6 [25] . This comparison also allows us to assess nonperturbative aspects of jet substructure observables at the EIC. To ensure the validity of the MCframework in this regime we compare to jet substruc-ture data from HERA and find a good agreement. At electron-proton colliders jets can be measured in different frames and we have to classify events into low photon virtuality Q 2 , quasi-real photoproduction 1 , and high virtuality, Deep Inelastic Scattering (DIS), or we can choose not to observe the final state electron. In this work we are generally interested in the feasibility of jet substructure observables at the EIC and without loss of generality we choose to work in the laboratory/center of mass (CM) frame and we consider the quasi-real photoproduction cross section of jets. Jet studies in photoproduction processes can be particularly useful in order to constrain the elusive parton-in-photon distribution functions [6] . We specify the detector requirements needed to perform jet substructure measurements at the EIC both in e + p and e + A collisions.
The remainder of this paper is organized as follows. In Section II, we discuss the relevant perturbative QCD (pQCD) factorization framework that we employ to make predictions for jet angularities at the EIC. In Section III, we review the the MC framework and in section IV, we present comparisons of our results obtained within pQCD and PYTHIA for inclusive jets and jet angularities. EIC detector requirements to perform jet substructure measurements are discussed in section V. In section VI, we conclude and present an outlook.
II. QCD FACTORIZATION FRAMEWORK
In this section, we introduce the QCD factorization formalism for jet angularities at the EIC. We first consider the cross section for inclusive jet production and then extend the formalism to include the jet angularity measurement performed on the constituents of the observed jet.
A. The quasi-real photoproduction of inclusive jets
We consider the photoproduction cross section of inclusive jets e + p → e + jet + X at small values of the photon virtuality Q 2 at the EIC. We work in the laboratory or center of mass frame. We note that at electronhadron colliders, jets have often been measured in the Breit frame. However, for example the jet shape/jet energy profile was measured at HERA in the laboratory frame [26] . Also in [3-5, 8, 11] the jet cross section was considered in the laboratory frame. One of the advantages of this choice is that it allows for a more direct comparison to jets in proton-proton collisions. The photoproduction cross section can be separated into a direct and a resolved contribution dσ = dσ dir + dσ res .
The two cases are illustrated in Fig. 1 . The nearly onshell photon can interact with the partons directly, or the photon can resolve into its parton content which requires us to introduce the nonperturbative parton-inphoton PDFs. Using QCD factorization, we can then write both contributions differential in the jet transverse momentum p T and the center of mass (CM) frame rapidity η as
(3) Note that we included here Q 2 on the left hand side to differentiate this case from the Q 2 integrated case which was considered in [3, 4] which includes both photoproduction and the large-Q 2 DIS regime. In practice, the photon virtuality is integrated to some upper cutoff Q 2 < Q 2 max which is determined by the experimental setup. Note that in the case of photoproduction and the Q 2 integrated case, the hard scale is solely set by the jet p T making the perturbative expansion of the cross section in powers of the strong coupling constant feasible. In DIS there are two perturbative hard scales Q 2 and p T . In Eq. (3), f b/p (x p , µ) denotes the PDF to find parton b in the proton with momentum fraction x p at the scale µ. In addition, we introduce the effective PDF for finding parton a in the electron carrying a momentum fraction x e from the electron. For the direct contribution as shown on the left side of Fig. 1 , we have a = γ. For the resolved contribution, right side of Fig. 1 , the parton a = q, g is obtained from the resolved photon. We can write f a/e as 
with the Weizsäcker-Williams photon spectrum [27, 28] 
where α is the QED fine structure constant and m e is the electron mass. For the direct contribution we have simply
in Eq. (4). Instead, for the resolved contribution we need parton-in-photon PDFs which constitute an additional nonperturbative input. For the calculation within perturbative QCD we use the GRS99 (Gluck, Reya, Schienbein) set of parton-in-photon PDFs of [29] throughout this work. The PDFs of [29] were extracted at NLO using the DIS γ scheme. However, they can be converted to the conventional MS scheme which we use in this work [29, 30] . Other fits of parton-in-photon PDFs can be found in [31] [32] [33] [34] [35] . The hard functions H c ab for the scattering process ab → c in Eq. (3) for the resolved contribution are the same as for hadroproduction in protonproton collisions p + p → h + X. They were calculated analytically to NLO in [36, 37] . The direct contribution was obtained analytically in [38] [39] [40] [41] . Finally, J c are the semi-inclusive jet functions calculated in [42] [43] [44] [45] . Similar to parton-to-hadron fragmentation functions, they take into account the formation of a jet with radius R which is initiated by an active parton c. The jet carries a longitudinal momentum fraction z = p T /p T of the initial fragmenting parton c. The semi-inclusive jet functions satisfy DGLAP evolution equations which allow for the resummation of single logarithms of the jet radius parameter α n s ln n R 2 [43, 44, 46, 47] µ
Here the P ji (z) are the Altarelli-Parisi splitting functions which are the same as for fragmentation functions. We note that formally Eq. (3) holds up to power corrections of order O(R 2 ). It was found that these power corrections are typically small even for large values of the jet radius, both for inclusive jet cross sections as well as jet substructure observables [48, 49] . The jet functions also have the advantage that one may directly calculate quark/gluon fractions beyond leading-order, and they allow for a convenient calculation of jet angularities at the EIC as discussed in the next section. The same factorization structure holds for inclusive hadron cross sections where the jet functions in Eq. (3) need to be replaced with nonperturbative parton-to-hadron fragmentation functions. The photoproduction of hadrons at the EIC was first considered in [41, 50] .
B. Jet angularities
In order to study jet angularities, we consider the following multi-differential cross section
where σ incl denotes the inclusive jet cross section discussed in the previous section. The relevant factorization structure can be obtained from the jet angularity cross section of inclusive jet production in proton-proton collisions [23, 49, 51] . The modification relative to the inclusive cross section in Eq. (3) amounts to replacing the semi-inclusive jet function J c with a jet function that not only depends on the momentum fraction z contained in the observed jet but which also depends on the jet angularity τ a of the jet which we denote by G c (z, p T R, τ a , µ). Following [49, 51] , we can refactorize the jet function G c in the phenomenologically relevant kinematic limit τ
Here ⊗ denotes a convolution in the variable τ a . At the one loop level, the functions H i→j are given by out-of-jet radiation contributions [45, 52] which were included before also in the semi-inclusive jet function for inclusive jet production. The factorization here was achieved within Soft Collinear Effective Theory (SCET) [53] [54] [55] [56] [57] which leads to separate renormalization group (RG) equations for the different functions. The characteristic scales of the three function in Eq. (9) are given by
(10) The scale of the hard functions in Eq. (3) is given by the hard scale of the process, which is the transverse momentum of the observed jet µ H = p T . By solving the associated RG evolution equations, and evolving the functions to a common scale, the all order resummation of large logarithms of the form α n s ln 2n (τ 1/(2−a) a /R) is achieved, which we carry out at next-to-leading logarithmic accuracy (NLL ). The fixed order expressions of the involved functions and the relevant anomalous dimensions can be found in [49] . Similar to the semi-inclusive jet function J c in Eq. (7) , the angularity dependent jet functions satisfy DGLAP evolution equations which allow for the resummation of single logarithms of the jet radius R.
Note that in Eq. (9) only the hard-matching functions H i→j depend on z, which is the convolution variable in Eq. (3). We can thus completely separate the z dependence from the collinear and soft functions which depend on the jet substructure variable τ a . This separation allows for the calculation of quark/gluon fractions beyond leading-order in the resummation region. Note that the jet angularities considered here are only nonzero when two partons are inside the jet, i.e. at fixed order O(α s ) or overall O(α 2 α 2 s ). However, in the resummation region we need to take into account out-of-jet radiation diagrams in the matching functions H i→j even though this leaves only one parton in the jet at O(α s ). The nonzero value for the jet angularity is then generated by the resummation. This counting in powers of α s , instead of starting from a nonzero value of the jet substructure observable required at fixed order, allows for perturbatively calculable quark/gluon fractions beyond leading-order. The main difference of photoproduction compared to DIS processes or the Q 2 integrated result eventually amounts only to changing the calculated quark/gluon fractions, making the results presented in this work broadly applicable. This includes also scattering cross sections with longitudinally polarized initial states. Note that the relevant hard functions for jet production at large-Q 2 , can be obtained from [58] [59] [60] . Higher fixed order results for jet production can be found in [4, 61] .
There are several contributions that are not captured by the factorization of the cross section for jet angularities in Eqs. (3) and (9) . First there are power corrections O(R 2 ) which include for example Initial State Radiation (ISR). Second, there are hadronization corrections since our calculation is carried out at the parton level whereas the experimental data, and the Monte Carlo results presented below, are at the hadron level. In addition, there is a contribution from the underlying event/multi-parton interactions for the resolved contribution. However, this contribution is expected to be much smaller than for example at proton-proton colliders. Therefore, the EIC will provide a clean environment for jet measurements where the dominant nonperturbative correction are primarily due to hadronization effects. We capture these different nonperturbative effects by a shape function [62] [63] [64] . See also [65] for a discussion of nonperturbative effects. When the softest scale in the factorization theorem µ S ∼ p T τ R a−1 approaches ∼ Λ QCD , nonperturbative effects become important which, start in the region
The purely perturbative cross section dσ pert following Eq. (9) is then convolved with a shape function F (k), where τ a is shifted by the virtuality of the soft mode as
Following [64] we use a single parameter shape function which is given by
which is normalized to unity since the hadronization is expected to affect only the shape of the distribution but not the normalization. In addition, its first moment is given by Ω a . We factor out the a dependence of the nonperturbative parameter Ω a following the work of [63] on angularities in e + e − collisions
Achieving a better understanding of universality aspects of nonperturbative corrections will be an important goal of jet substructure studies at the EIC. Similar shape functions are needed for jets measured in e + e − and protonproton collisions. For example, they play an important role in extractions of the QCD strong coupling constant [66, 67] . Furthermore, there are non-global logarithms (NGLs) for the jet angularities which are not captured by our factorization structure, see for example [68] [69] [70] . NGLs are typically most relevant near the nonperturbative regime. While a more rigorous treatment is desirable in the future, we effectively absorb the NGL contribution in the nonperturbative shape function. This may lead to a parameter of the shape function that is larger than the typical nonperturbative scale.
One of the concerns of jet substructure observables at relatively low energies is the size of power corrections. In general, there are different types of power corrections that can be important. First, there are perturbative corrections O(τ 2 a ). Second, there are corrections which are power suppressed by the large scale of the process, which is here the jet transverse momentum p T . We do not include these corrections in our calculations, but in principle, both are perturbatively calculable. In addition, there are hadronization corrections that we include here using a shape function as discussed above. In order to assess the first type of power correction listed here, we use a different definition of the jet angularity, which agrees with the one in Eq. (1) up to corrections of order O(τ 2 a ). Angularities as an e + e − event shape were first introduced in [21] . Applied to jet angularities, this definition was given in terms of pseudorapidities η iJ and transverse momenta p iJ T relative to the jet axis
where E J is the jet energy, which is not a boost-invariant quantity at hadron colliders. Here we introduced the notation τ a to differentiate between this definition of the jet angularities and the one given in Eq. For the jet mass case (a = 0) we can also employ the definition which is often used at hadron colliders
where we sum over all four momenta p i of the particles inside the observed jet and square the result normalized by 1/p 2 T . This definition agrees with the other definitions in the small jet mass limit and if the four-momenta of the particles in the jet are taken to be massless
However, this definition is directly sensitive to hadron mass effects O(m 2 h ). While we do not distinguish between these definitions in our perturbative calculations, we can address how sensitive jet angularities at the EIC are to such power corrections by studying the three different definitions in the Monte Carlo simulations described in the next section.
III. MONTE CARLO SETUP AND VALIDATION
In principle, it is possible to perform more quantitative comparisons between parton shower event generators and analytical resummations. However, here we are interested instead in the feasibility of jet substructure measurements at the future EIC and therefore compare the results obtained within the framework detailed in the section above to pseudo-data generated using a Monte Carlo tuned to reproduce HERMES semi-inclusive DIS e + p data over an wide range in Q 2 , z and p T [71, 72] . The Monte Carlo used is PYTHIA-6 [25] with the CTEQ5m [73] and SAS 1D-LO [33] proton and photon PDFs, respectively. The older CTEQ5m set was chosen because its PDF is not frozen at the input scale Q 2 0 (typically on the order of 1 GeV 2 ) like more modern PDFs and thus returns reliable cross sections in the Q 2 < Q 2 0 region addressed in this paper. The SAS PDF was used because it describes the H1 data that is sensitive to photon structure well and, as it treats the vector meson and anomalous components of the photon wave function separately, avoids double counting issues when simulating subprocesses with resolved photons in PYTHIA. Comparisons of the described MC tune with some H1 and ZEUS results and further details on the Monte Carlo can be found in [6, 15] . Resolved processes, in which the virtual photon interacts via the hadronic component of its wavefunction, dominate production of high-p T particles in the photoproduction region, however, a significant fraction of jets arise from the direct processes of photon gluon fusion (PGF) and QCD-Compton (QCDC). These subprocesses are combined and shown separately from the resolved. results.
Jets were reconstructed in the laboratory frame from all stable, final-state particles (excluding the scattered beam electron) with transverse momenta greater than 250 MeV/c and pseudorapidity of ±4. Here, stable refers to particles which would normally not decay within the volume of the detector. Clustering was done using the anti-k T algorithm [74] as implemented in the FastJet package [75] with E-scheme recombination and jet resolution parameters of R = 0.4 and 0.8. Further event and jet cuts are listed in Sec. IV.
The simulation setup used in this manuscript matches that from [6] , where it was shown to reproduce HERA dijet cross sections. Further determinations of the suitability of this simulation to describe substructure observables was done by comparing to jet shape results from ZEUS in the photoproduction region [76] . The jet shape is defined as
where N J is the total number of jets and E T (r) is the amount of transverse energy contained within a cone of radius r (which is less than or equal to the jet radius R) centered on the jet axis. The only modification to the simulation was to match the beam energies with HERA (E e = 27.5 GeV and E p = 820 GeV) and the jet-finding was done using a version of the CDF Midpoint Cone algorithm with R = 1 as implemented in FastJet to more closely match the ZEUS analysis [76] . Particle level jets were found from all simulated events with Q 2 < 4 GeV 2 and 0.2 < y < 0.85 and were required to have transverse energies greater than 14 GeV. Figure 2 presents the comparison between the ZEUS data and our simulation for four jet pseudorapidity ranges. The uncertainty bands represent a quadrature sum of statistical and systematic uncertainties on the ZEUS data. It is seen that our simulation reproduces the ZEUS results well for η lab < 1.5 with moderate deviations appearing in the 1.5 < η lab < 2.0 region. This could be due to a number of factors, including the limited modeling of the underlying event and the precision of the photon PDFs. Having improved MC models and more differential data from EIC will help to disentangle these different contributions. In all cases, the simulation produces more collimated jets than what is observed in data. It should be noted that the same behavior was seen with the original ZEUS simulations. The relatively good agreement seen between data and simulation give confidence that our Monte Carlo can produce in-jet energy distributions close to what will be seen at an EIC.
IV. NUMERICAL RESULTS
We consider e + p collisions at the EIC at a CM energy of √ s = 141 GeV and a laboratory frame rapidity range of 2 < η lab < 4. We choose the electron energy as E e = 20 GeV and the proton energy as E p = 250 GeV which corresponds to an expected EIC configuration. The laboratory frame and CM frame rapidities are related as
In order to estimate QCD scale uncertainties, we vary the scales of the functions appearing in the factorization theorem by a factor of 2 around their canonical values. While varying the individual scales, we maintain the relation
In addition, we also choose to fix the relation between the collinear scale µ C and the soft scale µ S and for jet angularities also between hard scale µ H and jet scale µ H ,
which yields seven different variations. In order to avoid the Landau pole, we smoothly switch off the running of the QCD coupling constant at 450 MeV using profile scales [77] .
In [41] it was suggested to study the η lab distribution which can allow for a separation of the direct and resolved contribution. One of the interesting aspects of studying jets in photoproduction events is that we can gain access to the nonperturbative parton-in-photon PDFs which are poorly understood so far. In particular, the polarized case has never been measured before. Fig. 3 shows the expected inclusive jet yield at √ s = 141 GeV per fb −1 of integrated luminosity. Given the expected integrated luminosity of 10 fb −1 , we conclude that jets with p T ∼ 10 GeV will be produced with sufficiently high statistics at the EIC. We thus study anti-k T jets [74] produced with p T > 10 GeV and Q 2 max = 1 GeV 2 . An additional cut on the photon momentum fraction (inelasticity) is imposed as 0.2 < y < 0.8 due to experimental considerations, see Eq. (4). Fig. 4 shows the comparison of the inclusive jet cross section with R = 0.8 using the QCD factorization framework and the Monte Carlo parton shower results. We note that here that we vary the hard scale µ H ∼ p T and the jet scale µ H ∼ p T R independently. It is well known in proton-proton collisions that the scale uncertainty of the inclusive jet cross section can be significantly underestimated when both scales are varied together. Several solutions have been proposed in the literature in order to obtain a reliable QCD scale uncertainty estimate [43, 47, [78] [79] [80] . In this work we vary the two scales independently which can be considered as a very conservative estimate. Overall, we find a good agreement over the entire range of η lab . Note that we use different nonperturbative parton-in-photon PDFs for the resolved contribution for the perturbative (GRS99 [29] ) and the Monte Carlo calculation (SAS 1D-LO [33] ). Nevertheless, we find good agreement since each PDF set has been tuned to similar data sets within the perturbative QCD and Monte Carlo frameworks, respectively. In addition, we note that no hadronization corrections are included in the perturbative results. The remaining hadronization correction is expected to be relatively small for the jet radii and energies considered here and that it is within the conservative uncertainty estimate of our perturbative calculation. It is also worth noting that relative enhancements of the resolved component at large positive η lab makes the photoproduction of jets a useful probe for studies of both the unpolarized and polarized parton-in-photon distribution.
Next, we study jet angularities measured on inclusive jets in photoproduction at the EIC. Using PYTHIA-6 results, we show the distributions for a = 0 (left) and a = −2 (right) in Fig. 5 for the same kinematical setup as in Fig. 4 above integrated over the rapidity interval of −2 < η lab < 4 in the laboratory frame. In order to study the impact of subleading power corrections, we show PYTHIA results using different definitions of the jet angularities, which agree up to power corrections. The purple histogram shows the result using the definition of τ a in Eq. (1) which is given only in terms of transverse momenta and distances in the η-φ plane. Second, we show the results using τ a as given in Eq. (15) using massless (blue) and massive (green) four-vectors. We include the appropriate prefactor such that the different definitions agree up to power corrections, see Eq. (16) . We observe only a small difference when massive or massless four-vectors are used which can be understood since mass effects only contribute indirectly to τ a through the jet energy E J in Eq. (15) . Third, we consider for a = 0 also the jet mass definition τ 0 which is written in terms of a sum over four-vectors squared as given in Eq. (17) . The result using massive four-vectors is shown by the red histogram, whereas the black histogram shows the results for massless four-vectors. We observe that for a = 0 only the red curve deviates significantly from the other curves. This is due to hadron mass effects which directly contribute to the observable when the definition of τ 0 is used. Therefore, we conclude that it is advantageous to measure jet angularities using the definition of τ a or τ a in order to avoid large corrections due to hadron masses. For a = −2, we start observing a noticeable discrepancy between the two definitions τ a and τ a of the jet angularities indicating that power corrections are numerically more important for smaller values of a which appears to be consistent with the scaling in Eq. (11) .
An alternative way to visualize the impact of subleading power corrections is illustrated in Fig. 6 . We take all jets produced in PYTHIA that satisfy the selection criteria (same kinematics as in Fig. 5 ) and calculate the the ratio τ a /τ a . We plot the number of events that fall in the corresponding bins as a function of log 10 (τ a /τ a ) for R = 0.4 (left) and R = 0.8 jets (right). In the case where power corrections are negligible, this distribution should peak at zero. We show the result for three representative values of a = 0.5, 0, −2. We observe a reduced yield for R = 0.4 jets but a narrower distribution indicating a reduced impact of power corrections. This illustrates that R = 0.4 jets fragment harder whereas R = 0.8 jets contain more soft particles and can be sensitive to softer scales. Overall, we observe that the distribution is narrower for angularities with larger values of a. For a = −2, the distribution is significantly broader especially for R = 0.8 jets which is consistent with the observation made in Fig. 5 .
We now compare our PYTHIA 6 results to our perturbative calculations which are shown in Fig. 7 . The purely perturbative results (black dashed line, yellow band) are shown for the same jet kinematics as in Fig. 4 and 5. We show the results for five different values of a = −0.5, 0, −0.5, −1, −2 (from left to right) and for two different values of the jet radius R = 0.8 (upper row) and R = 0.4 (lower row). The theoretical uncertainties are obtained by varying the scales as discussed above and by taking the envelope. In all panels, we show the Monte Carlo predictions using the definition of τ a in Eq. (1) (purple). In addition, we also show the PYTHIA results using the definition of τ 0 in Eq. (17) with massive four-vectors (red). All Monte Carlo results here are shown at the hadron level. In order to account for nonperturbative effects, we convolve the purely perturbative result obtained within QCD factorization with a shape function as introduced in Eqs. (12) and (13) above. The corresponding result is shown by the dashed black line and red band in Fig. 7 . We find very good agreement for a nonperturbative parameter of Ω a=0 = 0.35 GeV (R = 0.8) and Ω a=0 = 0.2 GeV (R = 0.4) which is of the order of the expected nonperturbative physics. For R = 0.4 we need a smaller nonperturbative parameter Ω a=0 which is expected, see the discussion in [64] . We note that the PYTHIA results for τ 0 shown here in red are outside the uncertainty band of the perturbative results after including the nonperturbative shape function. We note that the jet angularities τ a are generally shifted toward higher values when the jet radius is increased since more particles can be captured in the larger jet. As shown in Eq. (11) , the beginning of the nonperturbative region depends on p T and R, which can be identified in Fig. 7 as the region where the QCD scale uncertainty band vanishes. As discussed in the previous section, we need to freeze the running of the strong coupling constant at some value above the Landau pole. In addition, we note that due to the dependence of τ a on the distance between the particles in the jet and the jet axis ∼ ∆R 2−a iJ , the distribution is broader and peaks at lower values for smaller a.
V. DETECTOR CONSIDERATIONS
The pseudo-data results reported in previous sections were obtained at 'particle-level', meaning all information for every generated particle was available when constructing jets and calculating angularities. Of course, this will not be the case for the actual measurements as particle energies and momenta will be distorted, and some fraction of particles not detected at all, due to the finite resolutions and acceptances of any detector. These effects are often evaluated by creating detailed models using programs such as GEANT [81] that can simulate the response of a detector to an incident particle. Such a detailed study is beyond the scope of this article and currently infeasible given that many technical and design choices for an EIC detector have yet to be finalized. However, some evaluation of detector requirements can still be made.
Eq. (1) makes clear that in order to measure angularities, a detector will need to reconstruct accurately both the transverse momenta and positions of the produced particles. Regardless of design specifics, there are three primary detector components which will be essential for angularity studies: a tracker, which will measure charged particle momenta and trajectories, electromagnetic calorimeters that will measure energies and positions of electromagnetic particles such as electrons and photons, and finally, hadron calorimeters which will measure the same for hadrons. Any tracker will provide very good p T and angular resolution and the energy and position resolutions of the electromagnetic calorimeters are expected to be good as well. The potentially problematic components are the hadron calorimeters, which have poor energy and position resolutions, especially for the low energy particles expected at an EIC. Therefore, the remainder of this section focuses on the distortions to angularities induced by the resolution of the hadron calorimeter.
To evaluate the effect that the hadron calorimeters will have on the measured angularity, jets are first reconstructed at particle-level and the angularity is de-termined. Next, the energies and positions of all neutrons and K 0 L s within the jets are smeared by a random amount based on expected resolutions. Energy resolutions of σ E E = 75% √ E ⊕ 15% and σ E E = 50% √ E ⊕ 10% were taken for mid-rapidity (η lab < 1) and forward rapidity (1 < η lab < 4), respectively and an overall position resolution of σ xy = 10 cm √ E ⊕ 0.6 cm was used. It was assumed that charged hadrons and electromagnetic particles would be detected using the tracker and electromagnetic calorimeters, respectively, with no distortion and only long-lived neutral hadrons would be handled using the hadron calorimeters. With the neutral hadrons smeared, the angularity was recalculated and compared to particle-level. Fig. 8 presents the fractional change in angularity due the detector effects described above for the case of a = 0 for only those jets (roughly 30% of the total) which contained a neutron or K 0 L . Particle-level jets were required to have p T > 5 GeV while the altered jet was required to have p T > 10 GeV, which allows for jets which smear from below to above the 10 GeV cut to be counted. Also shown is the change which would arise in the limiting case that the information from the hadron calorimeters was not used at all and neutral hadrons were not detected. The area of each curve is separately normalized to unity so that they can be read as the percentage of jets whose angularity is altered by the amount given on the x-axis. It is seen that the smeared curve is narrower than the "no-neutrals" curve meaning that the fluctuations induced by the assumed calorimeter resolutions are less than those which would arise if the hadron calorimeters were not used. If the reverse had been true, it would have meant that such a calorimeter would not have been suitable for angularity measurements. This study does not address whether the overall angularity resolution is suitable for the applications listed in the Introduction. That will require a detailed detector simulation and studies of the precision needed to make an impact for each topic and will be the focus of future work.
VI. CONCLUSIONS AND OUTLOOK
In this work we performed the first studies of jet substructure observables in electron-proton collisions relevant for the future Electron-Ion Collider. As a representative example, we considered the jet angularity observables, which includes jet mass and jet broadening as special cases. The jet angularity measurements are performed on an inclusive jet sample e + p → e + jet + X in photoproduction events where jets are reconstructed in the laboratory or center-of-mass frame. The hard perturbative scale of the process is set by the high jet transverse momentum. We performed numerical calculations at NLL accuracy within perturbative QCD and we calculated the relevant quark/gluon fractions for photoproduction events beyond leading-order using the NLO code of [41] . We compared the perturbative QCD results L particles by a hadron calorimeter. Hereτ0 represents the altered jet angularity while τ0 is the particle level angularity. Each curve is separately normalized to unity and only jets which contained a neutron or K 0 L are displayed.
to our Monte Carlo simulations using PYTHIA 6. The Monte Carlo setup has been tuned to HERA data and we further verified that it reproduces the jet shape data measured by ZEUS/HERA. Hadronization corrections for the perturbatively calculated jet angularity spectrum were included using a suitable nonperturbative shape function.
Overall we found good agreement between the two approaches both for the inclusive jet spectrum and the jet angularities. Therefore, our results suggest that jet substructure studies will be feasible at the future Electron-Ion Collider which can complement the current scientific program. In addition, we investigated the numerical size of power corrections within the Monte Carlo setup. By using different definitions of the jet angularities that agree up to power corrections, we investigated their numerical size for the jet angularity spectrum. We found that the corrections are small for jets with transverse momentum p T > 10 GeV but they can be sizeable if the jet substructure observable is directly sensitive to hadron masses such as the jet mass when defined as a sum over the four-momenta squared. We conclude that it is important to choose jet substructure observables that are suitable for the relatively low jet transverse momenta and low particle multiplicities that are expected at the Electron-Ion Collider. We also briefly discuss detector requirements needed for accurate experimental measurements of angularity, with a focus on the hadron calorimeter performance. It was found that a hadron calorimeter with energy and position resolutions that could reasonably be achieved in a future EIC detector would contribute useful information to angularity measurements. The clean environment of electron-proton/nucleus collisions make precision jet substructure studies at the Electron-Ion Collider a unique testing ground of QCD dynamics both in the perturbative and nonperturbative regime. For example, we expect that jet angularities can complement extractions of α s of DIS event shapes [1, 2] . The tuning of parton shower event generators will also greatly benefit from precise jet substructure data in particular when universal nonperturbative components can be determined. Moreover, it will be interesting to use jet substructure observables to investigate cold nuclear matter effects in electron-nucleus collisions.
